tion is alleviated by the addition of fumarate (Iwamoto et al., 1999) .
These results indicate that fumarate is one of the most advantageous substances to decrease methanogenesis. Moreover, the conversion of fumarate to propionate, a glycogenic substance, is important for the nutrition of host animals.
Fumarate reduction has been reported to be catalyzed by fumarate reductase in Selenomonas ruminantium subspp. lactilytica (S. lactilytica), Veillonella parvula, Wollinella succinogenes, Ruminobacter amylophilus, Prevotella ruminicola, and Anaerovibrio lipolytica (Henderson, 1980; Kroger, 1977; Wetzstein and Gottschalk, 1985) . In some of these bacteria, fumarate reductase was shown to be membrane-bound, and the properties of this enzyme was examined in some detail. However, no data are available to compare the capacity to reduce fumarate among a wider variety of ruminal bacteria.
Therefore we initially examined the capacity of the main ruminal bacteria to reduce fumarate, then the activity of fumarate reductase per cell mass and the properties of the enzyme in bacteria that utilized fumarate. We also examined whether the amount of fumarate reductase increases in cells grown in the presence of fumarate. Furthermore, the effect of fumarate reduction by S. lactilytica on cellulose digestion by Ruminococcus albus was examined by a coculture experiment, because we assumed that the growth of R. albus is stimulated by the prevention of H 2 accumulation (Wolin, 1975) ; i.e., H 2 produced by R. albus is immediately consumed by S. lactilytica to reduce fumarate.
Materials and Methods

Sources of ruminal bacteria and culture conditions.
The sources of R. albus 7 (ATCC), Ruminococcus flavefaciens FD-1, Fibrobacter succinogenes S-85, Streptococcus bovis JB-1, R. amylophilus 70, S. ruminantium subspp. ruminantium (S. ruminantium) 12561 (ATCC), Butyrivibrio fibrisolvens 19171 (ATCC), and Megasphaera elsdenii NIAH 1102 were as described previously (Asanuma and Hino, 1997; Hino et al., 1991) . P. ruminicola 19188 (ATCC) and Eubacterium cellulosolvens HM-1 were kindly donated by Dr. M. Mitsumori (National Institute of Animal Industry, Tsukuba, Japan). V. parvula 10790 (ATCC) and A. lipolytica 33276 (ATCC) were purchased from American Type Culture Collection. S. lactilytica TH-1 was isolated from the rumen of a goat and identified in our laboratory according to the criteria described by Ogimoto and Imai (1981) . The basal medium for the culture of these bacteria consisted of clarified rumen fluid (Hino et al., 1992 ) and a solution (1 : 3) containing 0.45 (g/L) K 2 HPO 4 , 0.45 KH 2 PO 4 , 0.9 (NH 4 ) 2 SO 4 , 0.9 NaCl, 0.12 CaCl 2 · 2H 2 O, 0.19 MgSO 4 · 7H 2 O, 1.0 Trypticase (BBL; Becton Dickinson, Cockeysville, MD, USA), 1.0 yeast extract (Difco Laboratories, Detroit, MI, USA), and 0.6 cysteine · HCl, (pH 6.9). Growth media contained 2 g/L of glucose, 2 g/L of cellobiose, or 10 g/L of sodium DL-lactate in the basal medium, as shown in Table 1 . Bacteria were grown in triplicate by using 120-ml serum vials, and culture pH was kept between 6.2 and 6.9, as described previously (Hino et al., 1992) . Growth was estimated by measuring the optical density at 600 nm (OD 600 ).
Preparation of the membrane fraction of bacteria. For the assay of fumarate reductase activity, cells grown with the substrates shown in Table 1 , harvested at the late-log phase of growth, were collected by centrifugation (20,000ϫg, 10 min). The pellet was then suspended in the same buffer, and cells were disrupted by ultrasonication as described previously (Asanuma and Hino, 1997) . Each time unbroken cells were counted by microscopy after Gram-staining, and ultrasonication was repeated until approximately 95% of cells were disrupted. The unbroken cells were removed by centrifugation (20,000ϫg, 10 min). The supernatant (broken cell suspension) was then ultracentrifuged (300,000ϫg, 60 min), and the pellet containing membrane vesicles was washed once with KPi buffer. The membrane fraction was then resuspended in the same buffer and immediately subjected to the assay of fumarate reductase activity. The transparent supernatant was used as a cytosol fraction.
Assay for enzyme activity. Fumarate reductase activity was assayed by monitoring the rate of NADH oxidation. The standard assay mixture (1.5 ml) contained 5 mM fumarate, 0.15 mM NADH, and an enzyme sample (1-2 mg protein/ml assay mixture) in 100 mM KPi buffer. The pH was adjusted to the optimal pH for each bacterial strain. Reaction was initiated by adding an enzyme sample at room temperature, and NADH was determined by measuring absorbance at 340 nm. The activity of NADH oxidase was estimated from the initial rate of NADH oxidation in the absence of fumarate, and this value was subtracted from the initial rate of NADH oxidation in the presence of fumarate, which gave fumarate reductase activity. Fumarate reductase activity was expressed as mmol NADH oxidized per min per cellular nitrogen (N). This value represents the amount of enzyme per cell mass, because approximately 95% of cells were always disrupted by ultrasonication. Cellular N was determined by digesting broken cell suspensions by the Kjeldahl method, followed by the quantitation of ammonia by the indophenol method (Chaney and Marbach, 1962) .
Determination of fumarate and fermentation products. For the determination of organic acids, cultures were deproteinized with 10% sulfosalicylic acid by centrifugation (20,000ϫg, 10 min), then analyzed by HPLC with an ion-exchange column (Ionpak KC-811), as described previously (Hino et al., 1994) . For the analysis of fumarate, another column (DE-613) was used. Methane and H 2 were determined by GLC, as described previously (Hino, 1981) . Data were analyzed by Tukey's test using SigmaStat Statistical Analysis System (Jandel Scientific, San Rafael, CA, USA); pϽ0.05 was considered to be statistically significant.
Coculture of cellulolytic bacteria with fumarate-utilizing bacteria. R. albus (a cellulolytic bacterium) and S. lactilytica (a fumarate-utilizing bacterium) were separately grown in each growth medium until growth stopped because of the depletion of sugar. The cell density (OD 600 ) was not greatly different between the two bacteria. After adjusting the pH to 6.9, the two cultures (an equal volume) were combined, and microcrystalline cellulose (Avicel, 5 g/L) was added. The combined cultures were incubated for an additional 24 h with or without 30 mM fumarate.
Counting of R. albus cells. The numbers of R. albus cells were counted as follows: Cultures were cooled to 0°C and vigorously shaken to detach cells from the cellulose. An aliquot of the cultures was then diluted with 0.7% NaCl solution containing 0.2% agar to an appropriate cell density. After vigorous agitation, 1 ml of the cell suspension was spread on a slide glass and Gram-stained. Total cells of R. albus were counted by microscopy. A set of this counting procedure was performed in triplicate for one sample. R. albus (coccus) in cocultures was easily distinguished from S. lactilytica (rod) by shape.
Estimation of the digestibility of cellulose. Cultures after the termination of incubation were centrifuged (20,000ϫg, 10 min), and the pellet was analyzed for crude fiber by the conventional method; i.e., the residues of filtration were weighed after being boiled in 2000 Fumarate reductase in ruminal bacteria 121 1.25% (wt/wt) NaOH for 30 min, then in 1.25% (wt/wt) H 2 SO 4 for 30 min. A culture that had been incubated without cellulose was similarly analyzed to estimate the amount of bacterial cell wall. This value was subtracted from the crude fiber values of culture samples, and the value for a zero-time sample was then subtracted to determine the approximate values for digestibility of the cellulose.
Results and Discussion
Fumarate reduction by ruminal bacteria
As shown in Table 1 When S. ruminantium was grown in the basal medium with 30 mM fumarate and 40 mmol/L culture of H 2 , all the fumarate was utilized in 6 h (Asanuma et al., 1999b) . However, fumarate utilization by this bacterium was markedly decreased in the presence of glucose. Fumarate consumption by S. lactilytica, which is able to utilize lactate, was much greater when cells were grown on lactate than on glucose. This result is essentially similar to the result reported by Evans and Martin (1997) .
In all the fumarate-utilizing bacteria examined, the production of H 2 was decreased by the addition of fumarate, probably because of the consumption of electrons for fumarate reduction. This is consistent with the previous results that fumarate addition decreased methanogenesis (Asanuma et al., 1999b) . Table 2 shows the activity of NADH-dependent fumarate reductase in the broken cell suspensions of fumarate-reducing bacteria grown in the presence of 30 mM fumarate. The enzyme activities in S. lactilytica, V. parvula, S. ruminantium, and F. succinogenes (Group 1), which grow on fumarate and H 2 (Asanuma et al., 1999b) , were higher than the activities in R. albus, P. ruminicola, and A. lipolytica (Group 2), which do not grow on fumarate and H 2 (Asanuma et al., 1999b) . This result indicates that the bacteria that acquire energy from fumarate reduction (Group 1) contain larger amounts of fumarate reductase than Group 2.
The amount of fumarate reductase and its localization in cells
In all the bacteria examined, 90% or more of fumarate reductase activity was present in the membrane fraction (Table 2) . Fumarate reductase probably exists in cell membrane. The localization of fumarate reductase in cell membrane has been reported for S. ruminantium, P. ruminicola, and A. lipolytica by Henderson (1980) . Table 3 shows the apparent K m values of fumarate reductase in the membrane fraction. The affinity of fumarate reductase to fumarate was much higher in Group 1 than in Group 2, which indicates that the bacteria in Group 1 utilize fumarate more rapidly when fu-
The affinity of fumarate reductase to fumarate
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ASANUMA and HINO Vol. 46 marate concentration is low. Fumarate was never detected in the rumen (data not shown), but fumarate may be introduced into the rumen as a component of feed. Because fumarate concentration in the usual rumen must be extremely low, the bacteria in Group 1 gain an advantage over the bacteria in Group 2 in the utilization of fumarate. The differences in K m values for H 2 among bacteria in Group 1 were larger than the differences in K m values for fumarate (Asanuma et al., 1999b) , implying that the difference in the affinity of hydrogenase to H 2 causes greater differences in the rate of fumarate reduction among the bacteria in Group 1.
Effect of pH on fumarate reductase activity
The optimal pH of fumarate reductase in F. succinogenes and V. parvula was 6.0 (Fig. 1A) . The optimal pH for the two strains of Selenomonas was 6.5, and the shape of the peak was similar (Fig. 1B) . Since the apparent K m values were also similar (Table 3) , the properties of fumarate reductase may be similar in the two strains. The optimal pH of P. ruminicola and R. albus was 6.0, and the shape of the peak was similar. The kinetics of enzyme reaction was also similar (Table 3) , thus suggesting that the fumarate reductase in each bacteria resembles the fumarate reductase in the other. The optimal pH value for A. lipolytica was 6.5, suggesting that the fumarate reductase in this bacterium is different in properties from the enzyme in other bacteria. 2000 Fumarate reductase in ruminal bacteria 123 Table 4 shows the fumarate reductase content in cells grown in growth media with or without 30 mM fumarate. The amount of fumarate reductase was increased by added fumarate in all bacteria examined. These bacteria appear to regulate the synthesis of fumarate reductase in response to the presence of fumarate. The increase in enzyme activity because of the fumarate was much more remarkable in Group 1 bacteria than in Group 2 bacteria, which indicates that Group 1 bacteria have a higher capacity to regulate fumarate reductase synthesis.
Fumarate reductase content in bacteria
Effect of fumarate on cellulose digestion
Cellulose digestion by R. albus was not significantly improved by the addition of fumarate (Table 5) because fumarate did not increase the growth of R. albus. However, when R. albus was cocultured with S. lactilytica, the addition of fumarate increased cellulose digestion as a result of the increased growth of R. albus. This could be explained as follows: H 2 produced by R. albus was consumed by S. lactilytica to reduce fumarate, which resulted in but little accumulation of H 2 . The low partial pressure of H 2 facilitated electron disposal in R. albus, leading to faster growth of R. albus (Miller et al., 1986) . Thus "interspecies hydrogen transfer" from R. albus to S. lactilytica enhanced cellulose digestion. Similarly, fumarate reduction may improve fiber digestion in the rumen. 
